This contribution provides fundamental support, and both experimental and numerical wave propagation results demonstrating the ability to use a scalar source, a three component detector and the reciprocal TR process to selectively focus different vector components, either individually or collectively. The principle is explained from an analytical point of view, and the numerical and experimental study demonstrates excellent temporal and spatial focalization. Applications of the selective vector component focusing can be found in damage imaging techniques using both linear or nonlinear ultrasonic waves.
Introduction
In acoustics (dealing with sound waves in fluids or gases), it is known that, for a given response signal at an arbitrary location, reciprocity and Time Reversal (TR) can be used to focus high levels of acoustic energy at that position. In the case of elastic solids, sound waves generally induce different disturbances in three directions. The propagation of an initial scalar disturbance in a solid converts to different types of wave motion (i.e., shear and compressional) upon encountering scatterers and boundaries, and results in a wave field composed of motion in each of the three spatial directions, interrelated to different types of wave motion. Traditionally in TR studies the vector components of the wave field are generally disregarded, either due to the scalar nature of propagating waves in acoustic media (i.e., fluids) or due to the difficulty of measuring components other than the normal (relative to the sample surface) of the wave field in elastic media (i.e., solids). With the advent of TR based techniques in solids [1] [2] [3] [4] the ability to exploit the vector nature of elastic waves in solids may prove useful in nondestructive testing (NDT) and other yet to be developed applications. We will show that reciprocal TR [1] [2] can be used to focus energy in solids in any direction by selecting a scalar combination of the vectorial components.
Background
In order to illustrate the idea of selective vector component focusing, we asume the following experiment and translate it into analytical expressions: Consider a 3D object of arbitrary geometry with a source location A and receiver location B, each with their own right hand cartesian coordinate system X A and X B and unit vectors e x , e y , e z , and e x' , e y' , e z' , respectively. A source function with spectrum F (1) ( ) is broadcast at the origin of X A with a transducer that produces forces in the direction e x . The three components of the displacement field are received at X B . Using Green's function theory, the spectrum of the detected displacement fields can be expressed as follows: (1) (
with representing the x, y and z components and the Green functions G xx , G yx , G zx are written in terms of the source coordinate system. Subsequently, we time reverse the three detected displacement fields separately and make an arbitrary linear scalar combination of these components to produce a second scalar source time function with spectrum
where the asterisk stands for the complex conjugate of the frequency spectrum, which corresponds to the time reversal manipulation in the time domain. We now broadcast the second source time function from A using the same initial transducer that produces forces in the e x direction. The three components of the displacement field received at B are:
If we consider for simplicity the case in which the primed and unprimed coordinate systems are the same, apart from a translation, then
As cross terms, such as,
with are negligible, i.e., they do not contribute constructively to the TR focus, the received spectra for the three components after reciprocal TR [1] [2] can be expressed as follows:
which clearly implies that a scalar energy source can be used to focus in three directions, either individually or combined.
To complement the above discussed analytical results which are expressed in the frequency domain, we carried out a numerical and experimental study of the selective vector component focusing in the time domain. The 3D wave propagation model used in the simulations is based on the staggered grid Elastodynamic Finite Integration Technique (EFIT) [5] . For the experiments we used a small piezoelectric disk (d33 polarized PZT-5, d = 12 mm, h = 2 mm) for excitation, and non-contact laser vibrometry for detection. The velocity measurements of the three vector components vx, vy, and vz were achieved using two Polytec laser vibrometers, the OFV 303 (3001 controller, VD-02, 25 mm/s/V) for the normal (z) component and the OFV 552 (5000 controller, VD-02, 25 mm/s/V) fiber-optic differential laser vibrometer (DLV) for the in-plane (x and y) components. To obtain the in-plane components using the DLV the two fiber-optic laser heads were placed at ±30°from vertical such that the normal component is eliminated, thus leaving only the in-plane component.
The simulations and experiments are performed on a cube sample of fused silica-type material (dimensions 10×10×10 cm 3 , v c 6000 m/s, v s 2700 m/s, Q 1500, 2500 kg/m 3 ). As the first source, a short pulse with a frequency of 200kHz is considered which is excited on the (y-z) plane (x=0 cm), with an assumed exclusively out-of plane motion in the x-direction. The three particle velocity components v x , v y , and v z at an arbitrary receiving location in the (x-y) plane (at z=10 cm) are subsequently used for reciprocal TR, either individually or combined. In all cases, it is clear that the TR procedure allows the scalar information which is supplied to the source to be separated into the correct vector components. For instance, when v y +v z is considered as input signal, the time reversed signal will redistribute and focus the energy in the y and z direction at the receiving point, without focusing at the x-direction. Figure 3 illustrates the spatial focusing of the three components in a 40×40 mm 2 scanning area of the (x-y) plane around the receiver location when the scalar combination v x +v y +v z is considered in the rebroadcast signal. We note a near identical focal structure for each component, indicating a highly effective localization of energy in each of the three dimension. 2 +(v y ) 2 ) on the same color scale. We observe that the Poisson effect is manifest in the in-plane components around the focal location, however, these amplitudes, while higher than the background, are quite small with respect to the focal amplitude along z (out of plane).
Conclusion
The results presented in this paper provide the proof that information about the vector response at a certain location can be used in reciprocal TR using a scalar source to selectively focus each of the different vector components, either individually or collectively. The proof is composed of an analytical description of this process and both experimental and numerical wave propagation results.
Potential applications of selective focusing can be found in linear and nonlinear ultrasonic NDT to investigate local variations of the Poisson Coefficient, to image surface conditions using selective excitations of in-plane and out-of plane cracks, to construct virtual arrays for subsequent beam stearing, etc.
